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Similar to chaperonins from other sources, intact chaperonin from Escherichia coli (GroEL) exists as a tetradecamer, and the ability to promote 
folding of other proteins has been considered to be dependent on this oligomeric structure. However, the peptide fragments of GroEL of molecular 
size 34-50 kDa, which are produced by limited proteolysis of monomeric GroEL and are unable to assemble into an oligomer, retain the ability 
to promote folding of rhodanese ven though the yield of productive folding is lower than the intact GroEL/GroES/ATP system. This promotion 
by truncated GroEL obeys rapid kinetics and does not require GroES and ATP. 
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1. INTRODUCTION 
The Escherichia coli heat shock protein, GroEL, and 
its homologs in other organisms belong to a chaperonin 
(or HSP60) family of molecular chaperones [l--4]. They 
are well conserved in amino acid sequences, ubiquitous 
in various cells, and indispensable for living cells [3-61. 
Chaperonin captures labile folding intermediates of 
other proteins to suppress their aggregation and, with 
aid of ATP and the 10 kDa protein (cpnl0, E. coli 
GroES), the intermediates are slowly released to con- 
tinue productive folding [5,7,8]. Intact GroEL is a 
tetradecamer (GroELJ of the 57.3 kDa protein 
(GroELJ, and GroEL, are arranged as two layers of 
a heptamer ing in GroEL,, [9-141. It has been consid- 
ered that the activity of GroEL,, to promote protein 
folding is dependent on this ‘double doughnut’ struc- 
ture. However, we report here that the truncated 
GroEL,, which cannot assemble into an oligomer, acts 
as a molecular chaperone. 
gift from Dr. K. Ito [15]. Cell lysate was applied to a DEAE-Sephacel 
column and was eluted with 0.5 M NaCl gradient in 25 mM Tris-Cl 
buffer (pH 7.5) containing 1 mM EDTA and 1 mM dithiothreitol. The 
same buffer was used throughout following procedures. Fractions 
containing GroEL,, and those containing GroES were individually 
concentrated with ammonium sulfate precipitation. Then GroEL,, 
was purified with a Sepharose CLdB column. GroES was purified 
with successive three column chromatographies; an Ether Toyopearl 
column (30-O% ammonium sulfate gradient), a Sepharose CLdB col- 
umn, and a DEAE-Sephacel column ((M.5 M NaCl gradient). Puri- 
fied GroEL,, and GroES were stored as 65% ammonium sulfate pre- 
cipitation at 4°C. 
2.2. Preparation and limited proteolysis of GroEL,, andfractionation 
of peptide fragments 
2. EXPERIMENTAL 
2.1. Proteins 
Bovine mitochondrial rhodanese (thiosulfate sulfurtransferase, 
33 kDa monomer enzyme) type II, lysozyme, bovine serum albumin, 
and immobilized thermolysin were purchased from Sigma. Bovine 
pancreas RNaseA was from Boehringer-Mannheim. GroEL,, and 
GroES were purified from lysates of E. colicells bearing the multicopy 
plasmid, pACYC 184 carrying groES-groEL genes which was a kind 
The purified GroEL,, was denatured in 6 M guanidine HCl and 
5 mM dithiothreitol and, after a 30 min incubation on ice, the solution 
was applied to a Sephadex G-50 column equilibrated with 25 mM 
Tris-Cl buffer (pH 7.5) containing 1 mM EDTA and 1 mM dithiothre- 
itol to remove guanidine HCl. The resultant solution contained 
GroEL, as a major component as described later. To the solution of 
GroEL, (7 mglml), CaCl, was added at a final concentration 5 mM, 
and proteolysis was initiated by addition of 0.7 U of immobilized 
thermolysin. After a 60 min incubation at 25”C, the reaction was 
terminated by removing immobilized thermolysin by centrifugation 
and successive filtration through a nitrocellulose filter (0.2 pm). Then 
the mixture of digested GroEL, was applied to gel permeation HPLC 
on a Tosoh G3OOOSW column (21.5 mm x 30 cm) equilibrated with 
25 mM Tris-Cl @H 6.8) and 100 mM Na,SO,. The column was eluted 
with the same buffer at a flow rate of 2 ml/min, and products of limited 
proteolysis were fractionated according to the molecular size. 
2.3. Rhodanese folding assay 
*Corresponding author. Fax: (81) (45) 922 5179. 
Abbreviations: GroELm, monomer of GroEL molecule; GroEL14, 
tetradecamer of GroEL molecules; rhodanese, thiosulfate sulfurtrans- 
ferase; SDS, sodium dodecylsulfate. 
Bovine mitochondrial rhodanese (0.25 mg/ml) was denatured in 
50 mM potassium phosphate buffer (PH 7.8), 5 mM dithiothreitol and 
6 M guanidine HCl at 25°C [16]. Denatured rhodanese was diluted 
25-fold into the dilution buffer and pre-incubated at 30°C containing 
50 mM potassium phosphate (pH 7.8), 50 mM Na&O,, 5 mM dithio- 
threitol, and indicated component(s). After incubation at 30°C for 
30 min or indicated periods, reactivated rhodanese activity was deter- 
mined according to Siirbo [17]. 
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2.4. Peptide sequencing and other methods 
Proteins were analyzed by polyacrylamide gel electrophoresis either 
on a 7.5% polyacrylamide gel without SDS or on a 13% poly- 
acrylamide gel in the presence of SDS [18]. Gels were stained with 
Coomassie brilliant blue R-250. When necessary, protein bands in the 
gel were blotted to a polyvinylidene difluoride membrane (Bio-Rad 
Corp.), stained with Coomassie brilliant blue R-250, and membrane 
pieces of blotted peptides were analyzed with a peptide sequenator 
(Tosoh). Protein concentration was determined by the method of 
Bradford with bovine serum albumin as a standard [19] except for 
RNaseA and lysozyme, for which concentrations were determined 
from absorbance at 280 nm. 
3. RESULTS 
3.1. Preparation of proteolytic fragments of GroEL, 
When guanidine HCl-denatured GroEL was applied 
to a gel filtration column to remove guanidine HCl, 
GroEL, and a small amount of GroEL,, were regener- 
ated (Fig. la, lane 2). We tried to remove GroEL,, from 
the solution with Centricon 100 (100 kDa cut-off) but 
a small amount of GroEL,, was always found in the 
GroEL, fraction. Although it was reported that the 
assembly of GroEL, into GroEL,, was dependent on 
ATP [20], a small amount of GroEL,, is spontaneously 
formed from GroEL, in the absence of ATP under our 
experimental conditions. For this reason, the GroEL, 
preparations used in this paper contained small 
amounts of GroEL,,. In an attempt o prevent the for- 
mation of GroEL,,, GroEL, was subjected to limited 
proteolysis by immobilized thermolysin. After 60 min 
incubation with thermolysin, the undigested GroEL, 
almost disappeared and several peptide fragments were 
produced (Fig. lb, lane 3). Analysis of NH,-terminal 
amino acid sequences of digested peptides revealed the 
presence of several thermolysin-sensitive r gions in the 
primary structure of GroEL,. The regions are Ile4’- 
Va156, and Ile’44-Ile150. The regions around Va156, Ile12’, 
and Ile134 appear also to be susceptible to thermolysin. 
These regions are most likely unstructured loop regions 
in the tertiary structure of GroEL,. It is obvious from 
the estimated size of each peptide band that the COOH- 
a. Native PAGE b. SDS PAGE 
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terminal side of GroEL, is also cleaved by thermolysin. 
The 34 kDa fragment, for example, can be tentatively 
assigned to peptide Ile 150-Leu456. The 34 kDa fragment 
is the major product after long incubation (1 h) with 
thermolysin, indicating the presence of a rigid core 
structure of GroEL, (Fig. lb, lane 3). Further digestion 
by thermolysin did not produce a relatively stable pep- 
tide fragment but produced small peptides (C - 5 kDa) 
which were not analyzable by SDS-PAGE (data not 
shown). Probably GroEL,, is more resistant o proteo- 
lysis and trace amounts of GroEL,, still remained in the 
digested mixture (Fig. la, lane 3) [21]. 
The mixture was applied to gel permeation HPLC, 
and three major peak fractions were collected (Fig. 2). 
Peak A was eluted almost at void volume of the column, 
and contained oligomeric GroEL and aggregates of var- 
ious peptides (Fig. 2, inset). Peaks B and C were mix- 
tures of several fragments of GroEL, of different mo- 
lecular sizes; the former (fraction B) contained peptide 
fragments ofmolecular sizes- 50 - - 40 kDa (Fig. 1 b, lane 
4) and the latter (fraction C) contained mainly the 34 
kDa fragments (Fig. lb, lane 5). The ATPase activities 
of fractions B and C were 6% and ~1 % of that of the 
GroEL,,, respectively. Fractions B and C were free 
from GroEL,, (Fig. la, lanes 45) and peptides con- 
tained in these fractions were unable to form GroEL,, 
even in the presence of GroES and ATP (data not 
shown). These results are consistent with the report that 
a mutation at the NH,-terminal region of GroEL mole- 
cule results in destabilization of oligomeric structure of 
GroEL,, [22,23]. 
3.2. Promotion of folding of rhodanese by fractions B 
and C 
The effect of fractions B and C on protein folding was 
measured using rhodanese as a substrate protein; guani- 
dine HCl-denatured rhodanese was diluted into the di- 
lution buffer containing fraction B or C or other com- 
ponents and reactivation of rhodanese was assayed as 
a measure of productive folding [16,22,23]. As shown in 
44kDa 
Fig. 1. Polyacrylamide gel electrophoresis of GroEL,,, GroEL,, and thermolysin-digested GroEL, (a) in the absence of or (b) in the presence of 
SDS. Concentrations of polyacrylamide were (a) 7.5% and(b) 13%. Lanes: 1, intact GroEL,,; 2, GroEL,; 3, GroEL, subjected to limited proteolysis 
by thermolysin; 45, fractions B and C, respectively, of gel permeation HPLC (see Fig. 2). In panel b between lanes 3 and 4, a schematic diagram 
of the distribution of thermolysin-cleaved sites in the primary structure of GroEL was inserted. 
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Fig. 2. Fractionation of peptide fragments produced by limited prote- 
olysis of GroEL, with gel permeation HPLC on a G30OOSW column. 
Elution was monitored by absorbance at 280 nm. Fractions A, B, and 
C are indicated. Analysis of proteins contained in fraction A with 13% 
polyacrylamide gel electrophoresis n the presence of SDS is shown in 
the figure. Analysis of fractions B and C are shown in Fig. 1. 
Fig. 3a, the folding yield of rhodanese in the presence 
of fraction B or C was almost 2-fold (-40%) of that of 
spontaneous folding (-20%). The mixture of the small 
peptides (C - 5 kDa) produced by rather extensive prote- 
olysis of GroEL, with immobilized thermolysin did not 
promote folding (data not shown). The presence of ly- 
sozyme or RNaseA, which were expected to exert a 
non-specific protein effect on the folding, did not im- 
prove the yield of spontaneous folding. The GroEL,, 
as well as intact GroEL,, (& GroES), inhibited sponta- 
neous folding of rhodanese. Since it has been known 
that folding of rhodanese is arrested by GroEL,, when 
either GroES or ATP is absent [ 16,22,23], the inhibition 
by GroEL, can be explained by the arrested folding by 
GroEL,, contained in our GroEL, preparation. When 
GroEL,,, GroES and ATP were present in the dilution 
buffer, nearly 100% of the rhodanese activity was recov- 
ered. In contrast to GroEL,,, the promotion of folding 
of rhodanese by fractions B and C did not require the 
presence of GroES and ATP (Fig. 3b). 
3.3. The fraction B- and C-promoted folding leveled off 
rapidly 
As shown in Fig. 4, the time courses of promoted 
folding of rhodanese by the fraction B and C were 
clearly different from that by the complete system 
(GroEL,, + GroES + ATP). The folding promoted by 
the complete system proceeded slowly and the final 
yield was achieved after 30 min. On the contrary, the 
folding promoted by fractions B and C reached maxi- 
mum yield within 5 min of dilution. Spontaneous fold- 
ing also leveled off rapidly, irrespective of the presence 
of lysozyme or RNaseA in the dilution buffer. 
3.4. The effect of concentrations offractions B and C on 
the folding yield 
The yield of productive folding of rhodanese in- 
creased as concentrations of fractions B and C in the 
dilution buffer increased until they reached 0.2-0.4 mg/ 
ml, that is, peptide fragments present were approxi- 
mately 20- to 40-fold molar excess over rhodanese 
(Fig. 5). Lysozyme or RNaseA did not show a signifi- 
cant effect on the yield of folding even at the highest 
concentrations tested. 
4. DISCUSSION 
The results reported here suggest that truncated 
GroEL, possesses the ability to promote protein fold- 
ing. The smallest fragment that seems to have chaper- 
one activity in our experiments is the 34 kDa fragment. 
This fragment lacks 149 NH,-terminal residues and 
- 93 COOH-terminal residues. Interestingly, the putative 
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Fig. 3. (a) Effect of fractions B, C, and other proteins on the reactiva- 
tion yield of rhodanese. Denatured rhodanese was diluted into the 
buffer containing indicated component(s). Final concentrations of 
protein components were 10 &ml rhodanese, 40 ,@ml GroES, and 
0.5 mg/ml of other proteins. When the addition of ATP was indicated, 
1 mM ATP and 1 mM MgCl, were included. After 30 min of incuba- 
tion at 3O”C, an aliquot was withdrawn and reactivated rhodanese 
activity was measured. More details are described in the text. (b) Effect 
of GroES and ATP on the yield of the rhodanese reactivation pro- 
moted by fraction B and C. Experimental conditions are the same as 
in panel a. The same experiments were repeated twice except the 
samples containing GroEL,, (single experiment) and the averaged 
values are shown. Bars indicate the value of each experiment. 
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Fig. 4. Time-course of reactivation of rhodanese in the presence of Fig. 5. Effect of concentrations of indicated proteins on the reactiva- 
indicated com~nent(s). Reactivated rhodanese activity was measured tion yield of rhodanese. The final concentration of rhodanese was 
at indicated time. Other conditions are the same as described in legend 10 @g/ml. After 30 min incubation at 3O”C, rhodane activity was 
of Fig. 3. The same experiments were repeated five times except measured. Other conditions are the same as described in legend of Fig. 
GroEL,, + GroES+ATP (single experiment), and error ranges (stand- 3. Experiments were repeated twice and shown individually as solid 
ard deviation) were indicated by bars. and dashed lines. 
shortest functional domain of chaperonin suggested 
from complementation of E. coli ams @tered ERNA 
stability) mutant [24,25] is contained in the 34 kDa frag- 
ment. Although the result of the intact (not digested) 
GroEL, was obscured by the presence of spontaneously 
formed GroEL,,, we assume that intact GroEL, also 
has this kind of chaperone activity since our preliminary 
experiment shows that monomeric chaperonin- (a 
GroEL, homolog) purified from Thermus thermophilus, 
which is free from the oligomeric form, can promote the 
folding of rhodanese. Thus, the oligomeric arrangement 
of GroEL molecules is not an absolute requirement for 
primitive chaperone activity. This kind of ATP-inde- 
pendent chaperone activity was reported for small heat 
shock proteins and Hsp90 [26,27]. 
It should be noted, however, that the mode of promo- 
tion by truncated GroEL, is very different from that by 
GroEL,,; the yield of productive folding is low, folding 
is rapidly saturated with time, and it is not affected by 
GroES and ATP. The reason for these differences is not 
yet known but one possibility is that truncated GroEL, 
binds folding intermediates only transiently and pro- 
motes productive folding for only a part of the folding 
intermediates. It might also be related to the critical 
question; why is GroEL, organized into such a large 
complex as a tetradecamer? Probably oligomerization 
of GroEL, is necessary for efficient, rapid capturing of 
all folding intermediates which tend to aggregate in a 
highly concentration-dependent manner. When a bind- 
ing site for the folding intermediate residing on each 
GroEL, in the GroEL,, is arranged as a heptamer ing, 
the affinity to folding intermediate could be coopera- 
tively strengthened ue to the physical proximity of 
binding sites. Then, the tightly bound folding intermedi- 
ate is released from GroEL,, in a regulated manner by 
GroES and ATP so as to keep the concentration of the 
fr. C 
fr. B - 
z 
4 
P) 
8 
20 
RNaseA 
lySOZ)W 
U I I 
free folding intermediate low in the medium and to 
attain the best yield of productive folding. This specula- 
tion is, of course, based on several unproved assump- 
tions, for example that a single folding intermediate 
molecule has several regions recognizable by GroEL, 
(otherwise, cooperative binding to GroEL,, will not 
occur), and further study is needed to examine this spec- 
ulation. 
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